Much of the normal high sensitivity of wild-type Helicobacter pylori to metronidazole (Mtz) depends on rdxA (HP0954), a gene encoding a novel nitroreductase that catalyzes the conversion of Mtz from a harmless prodrug to a bactericidal agent. Here we report that levels of Mtz that partially inhibit growth stimulate forward mutation to rifampin resistance in rdxA ؉ (Mtz s ) and also in rdxA (Mtz r ) H. pylori strains, and that expression of rdxA in Escherichia coli results in equivalent Mtz-induced mutation. A reversion test using defined lac tester strains of E. coli carrying rdxA ؉ indicated that CG-to-GC transversions and AT-to-GC transitions are induced more frequently than other base substitutions. Alkaline gel electrophoretic tests showed that Mtz concentrations near or higher than the MIC for growth also caused DNA breakage in H. pylori and in E. coli carrying rdxA ؉ , suggesting that this damage may account for most of the bactericidal action of Mtz. Coculture of Mtz s H. pylori with E. coli (highly resistant to Mtz) in the presence of Mtz did not stimulate forward mutation in E. coli, indicating that the mutagenic and bactericidal products of Mtz metabolism do not diffuse significantly to neighboring (bystander) cells. Our results suggest that the widespread use of Mtz against other pathogens in people chronically infected with H. pylori may stimulate mutation and recombination in H. pylori, thereby speeding host-specific adaptation, the evolution of virulence, and the emergence of resistance against Mtz and other clinically useful antimicrobials.
Metronidazole (Mtz) [1-(2-hydroxyethyl)-2-methyl-5-nitroimidazole] and related 5-nitroimidazoles are redox-active prodrugs that are often used to treat infections caused by anaerobic bacteria and protozoa (7, 18, 28) . They are also a key component of combination therapies that are used to eradicate Helicobacter pylori, the microaerophilic bacterium which chronically infects the stomachs of more than half of all people worldwide and is the major cause of peptic ulcer disease and an early risk factor for gastric cancer (3, 14, 20, 30) . In anaerobes, redox-active enzymes such as pyruvate/ketoacid oxidoreductases and hydrogenase, active with the low-redox carriers (ferredoxin and flavodoxin), reduce 5-nitroimidazoles to mutagenic products that also cause DNA helix destabilization and singleand double-strand DNA breakage (7, 18, 19, 28) . High-level Mtz resistance is rare in anaerobes, because the activating enzymes are essential components of core metabolic pathways and because these microbes generally contain cytoplasmic components of very low redox potential that can spontaneously activate the drug (7, 19, 23, 28) . In contrast, moderate to high-level resistance to nitroimidazoles is common among H. pylori clinical isolates, with frequencies ranging from ϳ10 to 90% or more of strains, depending on geographic region (12) . These frequencies generally reflect the incidence of Mtz usage against other (parasitic or anaerobic bacterial) infections in particular societies (6, 10) .
We have found that (i) nearly all Mtz-resistant (Mtz r ) H. pylori clinical isolates contain loss-of-function mutations in rdxA (HP0954 in reference 27), an H. pylori gene that encodes a nonessential oxygen-insensitive NADPH nitroreductase (RdxA); (ii) mutational inactivation of rdxA is both necessary and sufficient to confer an Mtz r phenotype; and (iii) expression of the H. pylori rdxA ϩ gene in E. coli renders this normally Mtz r bacterium susceptible to Mtz (5, 9, 17) . Several other studies have confirmed an association between loss-of-function mutations in rdxA and Mtz resistance (15, 26) . RdxA, a homolog of the classical nitroreductases of enteric bacteria, exhibits NADPH-dependent Mtz reductase activity and a substrate preference for Mtz that may be related to its unique cysteinerich nature and alkaline pI (9) . The stoichiometry of the RdxAcatalyzed reduction of Mtz indicates an anaerobic two-step (four-electron) reduction of the 5-nitro group of Mtz to mutagenic and DNA-damaging nitroso and hydroxylamine products. Although the DNA sequences of rdxA genes from unrelated strains typically differed at some 5% of nucleotide positions (as is quite typical of housekeeping genes in H. pylori), the rdxA genes from related Mtz r and Mtz s strains recovered from infections that were mixed (Mtz r , Mtz s ), but uniform in overall DNA fingerprint type, differed by only one or a few base pairs. This indicated that Mtz resistance tends to result from de novo mutation in the resident rdxA gene, rather than from lateral transfer of mutant rdxA (or other) genes from unrelated but Mtz r strains. Equivalent results were obtained with a dozen patients from France and North Africa (26) . These findings suggested that Mtz-based therapies might be mutagenic, inducing as well as selecting for Mtz resistance in H. pylori (9) .
Here we show directly that products of Mtz activation are mutagenic and DNA damaging in H. pylori and in Escherichia coli containing a cloned rdxA ϩ gene. These findings have implications for the emergence of resistance to various antibacterial agents and more generally to the evolution of virulence and the adaptation of H. pylori to individual hosts.
MATERIALS AND METHODS
Bacterial strains and DNA manipulations. H. pylori Mtz s strains 950 and 1134 and Mtz r strain 1134R have been described elsewhere (9) . Strain 26695 (27) and its Mtz r (rdxA deletion mutant) derivatives 16R and 64R (carrying null mutations in rdxA and in rdxA and frxA; resistant to Mtz at 16 and 64 g/ml, respectively) are described elsewhere (17) . All H. pylori strains were cultured under microaerobic conditions on either Brucella agar supplemented with 7.5% newborn calf serum (NCS; Sigma) (9, 13) or brain heart infusion (BHI) agar with horse blood (17) . E. coli strains CC101, CC103, CC104, CC105, and CC106 [ara⌬(lac proB)/FЈ lacI lacZ proAB ϩ ) contain mutations in lacZ that render them unable to ferment lactose (4). The rdxA gene from H. pylori strain 950 was amplified by PCR using previously described rdxA oligonucleotide primers (9) and cloned into the pBluescript (pBSK) cloning vector plasmid, creating pGS950. E. coli strains expressing RdxA nitroreductase are susceptible to Mtz (10 to 30 g/ml) when tested on Luria-Bertani (LB) medium (9 (25) .
Mtz-induced mutation in E. coli: Rif r . New mutations to Rif r were quantified as a measure of Mtz-induced mutation in E. coli tester strains harboring pGS950 (rdxA ϩ ) or the parent pBSK vector. E. coli strains were grown for 12 h in LB broth containing Mtz at concentrations of 0, 5, 10, and 15 g/ml, and aliquots were spread on LB agar containing rifampin (25 g/ml) and on rifampin-free LB agar. The data were normalized to 10 8 bacteria and expressed as the mean of triplicate platings with an error of Ϯ20%.
Mtz-induced mutation in E. coli: lac papillation assay of specificity. E. coli tester strains (CC101, CC103, CC104, CC105, and CC106) harboring either pGS950 (rdxA ϩ ) or pBSK control plasmid were grown overnight in LB broth containing ampicillin (100 g/ml; Boehringer Mannheim) at 37°C. The cultures were standardized to an optical density at 600 nm (OD 600 ) of 1.0, and decimal dilutions were prepared in phosphate-buffered saline. Dilutions were plated onto minimal A (MinA) agar medium containing 0.2% glucose, 1 mM MgSO 4 ⅐ 7H 2 O, 500 g of phenyl-␤-D-galactoside (Sigma) per ml, and 100 g of ampicillin per ml (1), supplemented with Mtz at concentrations of 0, 5, 10, and 15 g/ml. Immediately before use, the plates were spread with 40 l of X-Gal (5-bromo-4-chloro-3-indolyl ␤-D-galactoside; American Biorganics). Total counts were determined by dilution and spreading on MinA (1% glucose) agar plates, which were then incubated for 24 to 36 h. All experiments were repeated three times, all determinations were performed in triplicate in each experiment, and the means and standard deviations were computed. The papillation frequency was determined as the number of blue (␤-galactosidase-positive) papillae per total viable count.
Bystander effect. ) derivatives 16R and 1134R, respectively, were grown overnight on Brucella agar plates containing 7.5% NCS, collected by centrifugation (7,000 ϫ g), suspended in Brucella broth, and standardized to an OD 600 of 0.25. One milliliter of suspension was added to each 500-ml sidearm flask containing 100 ml of Brucella broth and NCS. A defined amount of Mtz was then placed in the side arm of the flask. After being incubated statically in a microaerobic incubator for 6 h, the flasks were sealed and placed on a gyratory shaker at 100 rpm for 16 to 20 h at 37°C. Mtz was then tipped from the side arm into the broth, which was incubated for 30 min with shaking. Aliquots (1 ml) of the cultures were then harvested and prepared for assessment of DNA fragmentation. As a control, 100 l of cell suspension was treated with 20 mM hydrogen peroxide at 37°C for 15 min to fragment DNA.
E. coli tester strain CC104 harboring either pBSK or its rdxA ϩ derivative pGS950 was grown overnight in MinA broth containing ampicillin (100 g/ml; Boehringer Mannheim) and 0.5% glucose (1) to a standard OD 600 of 0.8. Onemilliliter aliquots of culture were treated for 30 min at 37°C with Mtz at 0, 10, 20, 40, or 100 g/ml (final concentration).
Agarose plugs were prepared and treated as described elsewhere (8), with modifications. Briefly, lysozyme (Sigma) and proteinase K (Promega) were added to 100 l of washed and resuspended cells at a final concentration of 1 mg/ml. Following incubation for 15 min at 37°C, 1.2% molten low-melting-point agarose (Eclipse Molecular Biologicals) and 10% sodium dodecyl sulfate (Sigma) were added to final concentrations of 0.5 and 0.6%, respectively. The mixture was immediately pipetted into plug molds (Bio-Rad Laboratories) and allowed to solidify for 5 to 10 min at 4°C. The agarose plugs were then incubated at 55°C for 16 to 22 h in 2 ml of ESP buffer (pH 9.0), containing 0.5 M EDTA (BDH), 1% (wt/vol) sodium lauryl sarcosine (Sigma), and 1 mg of Proteinase per ml. Following removal of ESP buffer, the plugs were washed 10 min at 55°C with sterile distilled water and four times for 15 min each at 55°C with TE buffer, pH 8.0 (10 mM Tris-HCl, 1 mM EDTA), and then allowed to cool to 4°C.
Alkaline agarose gel electrophoresis generally followed the protocols in reference 31. Briefly, the agarose plugs were placed into the preformed wells of a 0.8% agarose (Vector Biosystems) gel prepared under alkaline conditions (30 mM NaOH, 10 M EDTA), the wells were sealed in with molten agarose, and then the gel was subjected to electrophoresis for 6 h at 25 mV. The gel was then neutralized for 1 h in 30 mM NaCl-50 mM Tris-HCl (pH 6.0), stained for 1 h with ethidium bromide (0.5 g/ml; Sigma), destained in distilled water (2 h), and visualized under UV light. 
RESULTS
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, respectively, of that on Mtz-free medium (EOP ϭ 1.0). Growth at these partially lethal Mtz concentrations increased the Rif r frequencies among survivors about 6-and 12-fold, respectively (Table 1) . In contrast, no significant stimulation of mutation was detected during an equivalent growth period on medium with Mtz at 1 g/ml, a concentration that did not have any obvious effect on the EOP or colony size of this strain.
The Mtz r strain 16R (an rdxA null deletion mutant derivative of 26695), although fully resistant to 16 g/ml (EOP ϭ 1.0), was partially killed by higher Mtz concentrations (e.g., EOP ϭ 10 Ϫ2 and 10 Ϫ4 at 25 and 32 g/ml, respectively). These Mtz concentrations were found to stimulate mutation to Rif r about 27-and 166-fold, respectively (i.e., even more strongly than had been seen with the wild-type parent grown with Mtz concentrations that were partially lethal to it). In contrast, no such induced mutation was detected in cells treated with lower (subinhibitory) concentrations of Mtz (3, 8, or 16 g/ml) (Table 1).
Mutant derivatives of strain 16R that are resistant to even higher concentrations of Mtz (e.g., 64 but not 128 g/ml [strain 64R]) can be obtained by forward mutation at frxA (HP0642 in reference 27; an rdxA paralog) and other loci (17) . Although the basis of this heightened Mtz resistance and the residual Mtz susceptibility of these hyperresistant strains are not fully understood, it is significant that the growth of such strains on medium with Mtz at a partially inhibitory concentration (90 g/ml) was also mutagenic. Again, no stimulation of mutation was detected after growth with the concentrations of Mtz that were fully tolerated by the strain (8, 16 , or 32 g/ml) ( Table 1) .
Mtz-induced mutation in E. coli expressing H. pylori rdxA.
The ability of Mtz to induce mutation in E. coli K-12 that had been rendered Mtz s by an expressed H. pylori rdxA ϩ gene (pGS950) was scored by measuring frequencies of Rif r mutants after 12 h of growth in broth containing low levels of Mtz. Table 2 shows that growth of rdxA ϩ -containing E. coli with Mtz at 10 and 15 g/ml in broth culture decreased viability by 10
Ϫ2
and 10 Ϫ4 , respectively, and increased the Rif r mutant frequencies ϳ100-and ϳ340-fold, respectively. These Mtz concentrations had no effect on viability or Rif r frequencies in isogenic control strains that did not carry rdxA ϩ . Thus, the H. pylori RdxA nitroreductase renders E. coli highly mutable by Mtz in a dose-dependent fashion.
Specificity of mutation induced by products of Mtz activation. To assess the specificity of mutagenesis following Mtz activation, we scored reversion to Lac ϩ of a series of isogenic Lac Ϫ strains that differed only in the codon for a critical residue in the active site of ␤-galactosidase (essentially as in reference 4). Prior studies had indicated that phenotypic reversion from Lac Ϫ to Lac ϩ occurs by restoration of wild-type sequence in these mutants, not by suppressor mutations elsewhere in lacZ or in the genome as a whole. Table 3 shows that growth of these E. coli lac strains carrying the cloned rdxA ϩ gene on medium devised for quantitative scoring of Lac ϩ papillae (limiting glucose plus lactose) that was also supplemented with sublethal concentrations of Mtz (5 to 15 g/ml) resulted in dramatic increases in Lac ϩ revertant frequencies, whereas no such stimulation was seen with control E. coli strains grown in parallel. Certain mutations (CG-to-GC transversions and AT-to-GC transitions) were more strongly stimulated than others (CG to AT and TA to AT). Although reversion of even the least responsive allele (TA to GC) seemed to be stimulated somewhat at the highest usable Mtz concentration (15 g/ml), this concentration was extremely bactericidal to the E. coli (pGS950) tester strains (EOP ϭ 10
Ϫ4
). In consequence, the observed increase in Lac ϩ papillae in this particular case can be attributed to the effects of bacterial density and the longer period of growth before exhaustion of the limiting glucose, and thus more time for Mtzinduced mutation, rather than a direct mutagenic effect per se on this particular sequence.
Lack of effects on neighboring cells (bystanders).
To test whether the mutagenic products of Mtz metabolism by H. pylori strains might affect surrounding cells (bystander effect), forward mutation to Lac ϩ was scored in E. coli tester strain CC103 in mixed culture experiments (mixing ratios of H. pylori to E. coli of 1:1 to 10:1; results at 10:1 presented in Table 4 a Determined by EOP as described in the text. b Mean of three determinations. All strains contained pGS950 (rdxA ϩ ), and the data were normalized against data from strains containing pBSK and treated in parallel with Mtz. The bacteria were challenged in LB broth for 12 h in the presence of Mtz as indicated. 1C). Analysis of DNA fragmentation on nondenaturing agarose gels indicated that most of the DNA fragmentation observed using alkaline (denaturing) gels resulted from singlerather than double-strand breakage (data not presented). The Mtz r strains 16R (Fig. 1B) and 1134R (Fig. 1D ) exhibited DNA breakage only at the higher Mtz concentrations that were at least partially lethal to them (e.g., Ն10 g/ml for 16R and Ն25 g/ml for 1134R). Since 16R and 1134R contain loss-of-function mutations in rdxA (9, 17) , additional redoxactive enzymes must also act on Mtz at high concentrations, generating products that also contribute to the observed DNA breakage and lethality.
Further demonstration that Mtz activation causes DNA fragmentation was obtained with E. coli tester strains carrying a cloned rdxA ϩ gene. Figure 2 shows that Mtz (5 to 100 g/ml) caused significant DNA fragmentation when rdxA ϩ was present (pGS950), whereas no such fragmentation was observed in E. coli lacking rdxA ϩ , a strain fully resistant to Mtz.
DISCUSSION
Here we have shown that the potent antimicrobial drug Mtz can be highly mutagenic for H. pylori and for E. coli strains carrying rdxA ϩ , the H. pylori gene whose product is needed for efficient Mtz activation. Mtz is also mutagenic for Mtz r strains of H. pylori containing null mutations in rdxA when the drug is used at concentrations that are considered therapeutic for Mtz s strains (i.e., in combination therapies) but only partially toxic for Mtz r strains. Products of Mtz activation primarily induce single-strand DNA breakage, with extensive fragmentation occurring at Mtz levels near or higher than the MIC. Reversion tests with E. coli rdxA ϩ -carrying tester strains revealed mostly CG-to-GC transversions and AT-to-GC transitions (with other base substitutions at lower frequencies) with the alleles studied. This suggests the participation of nitro, nitroso, and hydroxylamine intermediates of Mtz, perhaps each differing in reactivity or base specificity (7, 9, 18) . Taken together, these studies indicate that Mtz therapy probably induces, as well as selects for, the loss-of-function mutations in rdxA that are characteristic of every Mtz r clinical isolate tested to date (5, 9, (15) (16) (17) 26) .
It is striking that Mtz was more mutagenic for Mtz r than Mtz s H. pylori strains (27-to 166-fold versus 6-to 12-fold, respectively) when used at levels that inhibit growth to similar extents. The more efficient mutagenesis in Mtz r strains might reflect (i) the high specific activity of RdxA for Mtz (e.g., mutagenic and lethal concentrations are similar), (ii) lower specific activities (substrate specificity for Mtz) of other as yet unknown Mtz-activating enzymes, (iii) changes in the metabolic capacity in response to Mtz (13) , and/or (iv) changes in balances of enzymes affecting the fidelity of DNA replication or the efficiencies of repair. That mutagenesis and cell killing were observed in simple rdxA mutants illustrates that Mtz can be activated by other cellular enzymes, albeit less efficiently than by RdxA. One such enzyme is FrxA, a flavin nitroreductase of H. pylori (9) , whose inactivation together with that of RdxA results in increased Mtz resistance (17) . Our finding that Mtz is also mutagenic for hyperresistant (rdxA frxA) strains indicates that additional enzymes must also participate to some extent. These additional redox-active enzymes may be quite widespread, since Mtz in high concentration (Ͼ150 g/ml) is toxic for many bacterial species that are considered resistant clinically (7) . In general, Mtz toxicity is increased for most bacteria and mammalian cells under hypoxic conditions where nitroreductases, ferredoxins, flavodoxins, cytochrome P450, and nonspecific redox-active components contribute more efficiently to Mtz activation (7, 13, 28) . Mutational inactivation of genes encoding these additional Mtz activating enzymes most likely accounts for the stepwise appearance of hyper-Mtz r mutants of H. pylori, although mutations affecting other functions such as DNA repair may also contribute to some extent.
The different efficiencies of Mtz-induced DNA breakage in Mtz s and Mtz r strains of H. pylori can also be attributed to loss of function of the RdxA nitroreductase in Mtz r strains. Findings that Mtz-induced DNA breakage and mutation were greatest at levels near the MIC in E. coli strains expressing rdxA ϩ support this interpretation. In the absence of RdxA activity, E. coli is extremely resistant to Mtz (Ͼ250 g/ml), indicating that its own nitroreductases do not contribute appreciably to Mtz activation during growth at normal atmosphere in the concentration range used. However, under microaerobic conditions (6% oxygen), Mtz is more mutagenic for E. coli (Tables 3 and 4) , suggesting that its nitroreductases or other redox-active enzymes can metabolize this drug. These Mtz-activating enzymes may be induced to higher levels in response to oxygen-limiting conditions (metabolic transition to a more fermentative capacity) or may participate more substantially in removal of reducing equivalents to alternate electron acceptors such as Mtz. Our studies further showed that in hyper-Mtz r H. pylori strains, which contain mutations in a gene(s) in addition to rdxA and frxA, the efficiency of DNA breakage requires much higher Mtz concentrations. We have shown a correlation between MIC of Mtz for a particular strain and the efficiency of DNA breakage after exposure to Mtz. In this regard, DNA fragmentation was seen at lower Mtz concentrations for strain 26695 16R (rdxA⌬), which tolerates 16 g/ml, than for strain 1134R, which tolerates twice that level (32 g/ml).
In vitro studies of the interactions of reduced products of Mtz with DNA have indicated that DNA fragmentation is favored over base modification (7) . In vivo, Mtz is said to cause more base pair substitution than DNA fragmentation in enteric bacteria (2) but more DNA fragmentation in highly susceptible anaerobic bacteria (7, 28, 29) . In one study of selected gene targets, Mtz induced exclusively GC-to-CG transversion mutations in Bacteroides fragilis (29) . Here we found CGto-GC transversions and AT-to-GC transitions to be most common in E. coli tester strains expressing rdxA ϩ , although Mtz induced other substitutions at concentrations that would also cause DNA fragmentation. These base substitution differences are not due to variation among tester strains since these strains showed similar frequencies of mutation to Rif r . The high frequency of mutation seen at the highest concentrations of Mtz in each of the E. coli tester strains may be due to activation of the error-prone SOS repair system, a repair mechanism that is lacking in H. pylori (27) .
We suggest that Mtz-induced DNA strand breakage, like base substitution mutagenesis, is significant biologically: DNA breakage should stimulate recombination between duplicate and divergent sequences (of which there are many in H. pylori) within a given genome and perhaps recombination between different strains as well. Repair of Mtz-induced DNA breaks should also promote the metastable turning on and off of contingency genes, identified by their distinctive repetitive sequences (24) , and more generally induce frameshift mutations (21) such as we and others have found after Mtz treatment (9, 15) . DNA lesions not involving DNA breakage may be responsible for most of the base substitutions scored here. Mutation and genetic recombination each contribute to the genome diversity that can facilitate adaptation to new and changing conditions in human hosts, the development of resistance to clinically useful drugs, and the evolution of virulence. The emergence of resistance to Mtz, selected and possibly induced by this drug during H. pylori infection, has been documented in an animal infection model (16) . NH 2 -containing therapies, in addition to contributing to Mtz hyperresistance, may also induce resistance to other clinically useful drugs (secondary antibiotic resistance). By extrapolation, Mtz therapies might also be mutagenic for the resident intestinal flora (which also live in microaerobic and anaerobic environments) and thereby similarly speed the emergence of drug resistance and other evolutionary changes in them.
The biologically active products of Mtz metabolism are considered to be short-lived and thus perhaps unlikely to act on cells other than those in which they are produced (7) . It was therefore comforting from a public health perspective that no Mtz-induced killing or mutagenesis of adjacent bystander E. coli cells was detected in these experiments. Thus, the products of Mtz metabolism by H. pylori probably do not interact synergistically with reactive oxygen and nitrogen metabolites generated in the host inflammatory response that are suspected of contributing to gastric pathologies and cancer (14, 22) . As counterpoint, we wish to consider the possibility that a generic function for the nitroreductases studied here is in the catabolism (detoxification) of nitrated aromatic amino acids and other reactive metabolites that are generated during inflammation, and thus of differences between Mtz r and Mtz s strains in virulence or in speed of adaptation to host defenses.
